Zeolitic imidazolate framework-8 (ZIF-8)-coated Fe 3 O 4 magnetic nanoparticle clusters (MNCs) were synthesized and used to detect pathogenic bacteria in milk. Hydrothermally synthesized MNCs were encapsulated with ZIF-8 via sonochemical reactions. Half fragments of monoclonal Staphylococcus antibodies were conjugated to the low-coordinated Zn sites located on the outer layer of ZIF-8 via Zn-S bonding, which allows one-step immobilization of antibodies with favorable orientations on ZIF-8.
Introduction
Fe 3 O 4 magnetic nanoparticles have recently attracted considerable attention in bio-applications owing to their inherent superparamagnetic properties and biocompatibility. [1] [2] [3] The functionalization of antibodies on the Fe 3 O 4 nanoparticles enables the selective capture and magnetic separation of target molecules such as DNA, 4 biomarker proteins, 5, 6 and pathogens Despite the several advantages of Fe 3 O 4 magnetic nanoparticles for bioapplications, their use is hindered by the fact that Fe 3 O 4 undergoes oxidation in water, which affects the magnetic properties and appearance of the nanoparticles. To prevent the oxidation of Fe 3 O 4 , iron oxide particles are encapsulated with protective layers such as silicon dioxide (SiO 2 ).
9-11
However, encapsulation with silica requires the careful control of reaction conditions for avoiding particle aggregation and decreases the saturation magnetization value of the encapsulated magnetic particles due to the high density of SiO 2 (2.195 g cm À3 ). 12 Furthermore, the antibodies immobilized on silicacoated magnetic nanoparticles via silane chemistry generally possesses random orientations, which degrades the binding efficiency of the antibodies to target molecules.
13
To overcome these drawbacks of silica encapsulation, we coated magnetic nanoparticle clusters (MNCs) with metalorganic frameworks (MOFs). Owing to their large surface areas, exceptional chemical and thermal stabilities, and negligible cytotoxicity, MOFs have been widely applied in drug delivery, 14 biomineralization, 15 and biomolecule purication. 5 Among the various MOFs, zeolitic imidazolate framework-8 (ZIF-8) was used in this study because it can be synthesized within 10 min without inducing nanoparticle aggregation and is chemically and thermally stable. 16 In addition, the low density of ZIF-8 (0.35 g cm À3 ) does not signicantly decrease the saturation magnetization value of the hybrid MNCs. Furthermore, the lowcoordinated Zn sites located on the outer shell of ZIF-8 could form Zn-S bonds, [17] [18] [19] which allows conjugation with thiolated antibodies and offers an attractive functionalization route for ZIF.
In this study, we synthesized ZIF-8-coated hybrid magnetic nanoparticle clusters (ZIF-8/MNCs) and functionalized them with half fragments of monoclonal Staphylococcus aureus (S. aureus) antibodies via Zn-S bonding, which enabled onestep immobilization of antibodies with favorable orientations. S. aureus is enterotoxigenic bacteria found in various foods such as milk and cheese. Milk was selected as a real food matrix to conrm that ZIF-8/MNCs can detect S. aureus in the presence of various interferents. Aer the capture and magnetic separation of S. aureus in milk using the hybrid nanoparticles, the concentration of bacteria was determined with a portable ATP luminometer. The detection limit of the assay was found to be 300 cfu mL À1 . In addition, it was found that the ZIF coating improved the stability of MNCs in water by 
Synthesis of Fe 3 O 4 magnetic nanoparticle clusters (MNCs)
Fe 3 O 4 was synthesized using a one-pot hydrothermal method described elsewhere. 20 Briey, 2.16 g of FeCl 3 $6H 2 O, 4.7 g of sodium citrate, and 1.44 g of urea were dissolved in 30 mL of DI water and 30 mL of 0.02 g mL À1 PAM solution in DI water was then added to the solution. The mixture was transferred to a 100 mL Teon-lined stainless-steel autoclave and maintained at 200 C in an oven for 12 h. Aer the autoclave was cooled to room temperature (RT), the black precipitate was collected using a permanent magnet and washed several times with DI water and ethanol. The resulting MNCs were dried in an oven at 90 C for 12 h under reduced pressure.
Synthesis and oxidation stability test of ZIF-8-coated hybrid MNCs (ZIF-8/MNCs)
The ZIF encapsulation reaction was conducted under sonication at 60 C for 10 min by adding 0.1 g of Fe 3 O 4 MNCs to a 30 mL methanol solution containing 0.238 g of Zn(NO 3 ) 2 $6H 2 O, 0.657 g of 2-MIM, and 10 mL of HCl. The hybrid ZIF-8/MNCs were then collected using a permanent magnet and washed several times with methanol. The hybrid nanoparticles were dried in a vacuum oven at 90 C for 12 h. For the oxidation stability test of ZIF-8/MNCs, they were kept in DI water at 200 C for 1 h and variations in light absorption were measured using a UV-Vis spectrometer (UV-1800, SHIMADZU).
Direct immobilization of half-fragmented antibody on ZIF-8/ MNCs
10 mL of 1.4 mg mL À1 TCEP in PB was added to 400 mL of PB containing 10 mg of monoclonal S. aureus antibody and incubated for 1 h at RT to reduce the disulde bonds between the heavy and light chains of the antibody. 21 Aer purication using Amicon centrifugal 10k lters (Millipore, Ireland), the half-fragmented antibodies were added to 1.5 mg of ZIF-8/MNC in PB for 1 h at RT to immobilize via Zn-S bonding. This one-step antibody conjugation using the half-fragmented antibodies eliminates the use of linker molecules and results in the immobilization of the antibodies with favorable orientations. The antibody-conjugated MNCs were sequentially incubated with 0.7 wt% casein and 0.1 wt% Tween 20 to prevent nonspecic binding and rinsed several times with PB.
Detection of Staphylococcus aureus in milk using antibodyconjugated ZIF-8/MNC Scheme 1 shows the experimental procedure for detecting pathogenic bacteria. Half fragments of monoclonal S. aureus antibody were immobilized onto ZIF-8/MNCs. A pure culture of S. aureus was grown in LB at 37 C overnight, and the concentration of S. aureus was determined by cell counting on an agar plate. Subsequently, the culture solution was serially diluted into milk to obtain 10 2 to 10 5 cfu mL À1 . Diluted solutions (10 mL) were incubated with 0.1 mg of antibodyconjugated ZIF-8/MNCs for 1 h at RT. The bacteria were magnetically separated and dispersed in 100 mL PB and mixed with benzalkonium chloride solutions for the lysis and ATP extraction of bacteria. Lysate solutions were sequentially added to lyophilized luciferase and luciferin powder, and the luminescence intensity from oxidized luciferin was measured by a portable luminometer (Kikkoman PD-20).
22,23
Results and discussion respectively. Because of the low density of ZIF-8, the encapsulation of the MNCs with an $80 nm-thick layer of ZIF-8 decreased the saturation magnetization value only by 30%. If the MNCs were covered by a layer of SiO 2 with the same thickness, the saturation magnetization would decrease by 70%. Fig. 1(g) shows that nearly complete magnetic separation was achieved within 30 s using a permanent magnet. Both the nanoparticles were well re-dispersed aer the permanent magnet was removed.
To assess the degree of oxidation of Fe 3 O 4 in water, MNCs and ZIF-8/MNCs were kept in DI water at 200 C for 1 h.
Fe 3 O 4 is known to be oxidized to maghemite (g-Fe 2 O 3 ) at this moderate temperature and to hematite (a-Fe 2 O 3 ) at higher temperatures (>500 C). 24, 25 Although the saturation magnetization value of maghemite is not considerably different from that of Fe 3 O 4 , 24,25 their different appearances oen mislead people to conclude that the properties have been changed. Fig. 2(a) and (b) show optical images of MNCs and ZIF-8/MNCs, respectively, before and aer heat treatment. The MNC solution changed from dark brown to pale yellow brown aer heat treatment, whereas negligible changes in color were observed for the ZIF-8/MNC solution. Fig. 2(c) shows variations in the light absorption spectra of MNCs and ZIF-8 MNCs aer heat treatment. Whereas a substantial change in the absorption peak wavelength was observed for MNCs, a negligible change was observed for ZIF-8/MNCs. This indicates that the ZIF-8 layers prevented the oxidation of Fe 3 O 4 due to their hydrophobic pore structures.
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The sensitivity of the assay was investigated using milk solutions spiked with various concentrations of S. aureus. Antibody-functionalized ZIF-8/MNCs were added to 10 mL of milk that had been spiked with 0-10 5 cfu mL À1 of S. aureus.
Aer incubation at RT for 1 h, the bacteria were magnetically separated and rinsed several times with PB. Fig. 3(a) shows a TEM image of a ZIF-8/MNC-bound S. aureus bacterium. The bacterial surface was covered by ZIF-8/MNCs, indicating the effective capture of target bacteria using ZIF-8/MNCs. The ATP luminescence was measured using a portable ATP luminometer. The luminescence intensities were increased with increasing concentration of S. aureus. The detection limit for the S. aureus-spiked milk solution was found to be 300 cfu mL
À1
as shown in Fig. 3(b) . The selectivity of the assay was examined using control experiments with milk solutions spiked with 10 5 cfu mL
Escherichia coli, Salmonella typhimurium, Vibrio parahaemolyticus, and Listeria monocytogenes. S. aureus-antibodyconjugated ZIF-8/MNCs were used to capture the bacteria in each solution, and the ATP luminescence was measured. Fig. 4 shows that the intensity of the ATP luminescence measured in the control experiments was very weak, indicating that nonspecic binding was negligible. 
Conclusions
In summary, we synthesized ZIF-8-coated MNCs and used them to detect pathogenic bacteria in milk. The low-coordinated Zn sites located on the outer layer of ZIF-8 offer binding sites for thiolated antibodies; also, half-fragmented antibodies could be directly conjugated on the ZIF-8/MNCs without linker molecules. Aer the capture and magnetic separation of S. aureus in milk using the hybrid ZIF-8/MNCs, the concentration of bacteria was determined using a portable ATP luminometer. The detection limit was 300 cfu mL
À1
. Furthermore, ZIF encapsulation was found to improve the stability of MNCs in water by suppressing the oxidation of Fe 3 O 4 , which facilitates the application of the hybrid particles for the on-site detection of pathogenic bacteria. View Article Online
